Kallikrein-binding protein (KBP) is a component of the kallikrein-kinin system that mediates vasodilation and inhibits tumor growth by antagonizing vascular endothelial growth factor-mediated angiogenesis. We demonstrate that KBP gene expression is repressed by T 3 and modulated by the orphan nuclear receptor, chicken ovalbumin upstream promoter transcription factor 1 (COUP-TF1). In hypothyroid mice, KBP mRNA expression in the testis was increased 2.1-fold compared with euthyroid mice. We have identified two negative thyroid hormone response elements (nTREs) in the mouse KBP gene, nTRE1 located in the 5Ј flanking region (Ϫ53 to Ϫ29) and nTRE2, located in the first intron (104 -132). We used functional assays, cofactor knockdown, and chromatin immunoprecipitation assays to characterize nTRE1 and nTRE2 in hepatic (HepG2) and testes (GC-1spg) cell lines. Reporter expression directed by both elements was enhanced with addition of thyroid hormone receptor and repressed with the addition of T 3 . COUP-TF1 enhanced basal expression of both elements but blunted unliganded thyroid hormone receptor enhancement and T 3 repression of nTRE1 but not nTRE2. Both nTREs bound nuclear corepressor and binding increased in response to T 3 . Nuclear corepressor knockdown resulted in loss of T 3 repression of both nTRE1 and nTRE2. COUP-TF1, which usually represses T 3 induction of positive thyroid hormone response elements, reverses T 3 repression mediated by nTRE1 in the mouse KBP gene. Endogenous KBP expression is repressed by T 3 and two functional nTREs, both of which are required, have been characterized in the KBP gene. COUP-TF1 may be an important factor to modulate expression of genes that are repressed by T 3 . (Endocrinology 152: 1143-1153, 2011) R odent kallikrein-binding protein (KBP) and its human counterpart, kallistatin, are heparin-binding serine peptidase inhibitors (1, 2). KBP inhibits kallikrein peptidase activity by covalently binding to kallikrein, forming a heat-stable serpin-proteinase complex (3, 4). KBP mediates a range of processes, including vasodilatation (5, 6), angiogenesis (7, 8) , and the inflammatory response (9, 10). Recent studies indicate that KBP is a potent inhibitor of tumor growth by inhibiting vascular endothelial growth factor-or basic fibroblast growth factor-induced angiogenesis (11, 12) . We previously identified the KBP gene as one modulated by T 3 , based on DNA microarray analysis of mouse embryonic stem cells (13).
R
odent kallikrein-binding protein (KBP) and its human counterpart, kallistatin, are heparin-binding serine peptidase inhibitors (1, 2) . KBP inhibits kallikrein peptidase activity by covalently binding to kallikrein, forming a heat-stable serpin-proteinase complex (3, 4) . KBP mediates a range of processes, including vasodilatation (5, 6), angiogenesis (7, 8) , and the inflammatory response (9, 10) . Recent studies indicate that KBP is a potent inhibitor of tumor growth by inhibiting vascular endothelial growth factor-or basic fibroblast growth factor-induced angiogenesis (11, 12) . We previously identified the KBP gene as one modulated by T 3 , based on DNA microarray analysis of mouse embryonic stem cells (13) .
The rodent KBP gene is composed of five exons and four introns. The amino acid sequences of KBP proteins are highly homologous among species, the rat 423 amino acids (10) , the mouse 417 amino acids (14) , and the human 427 amino acids (15) . KBP is expressed in the kidney, heart, testis, uterus, lung, salivary gland, liver, and blood vessels. The rat KBP gene contains two promoters, one in the 5Ј flanking region and the other in the first intron (16) . Two activator protein-1 (AP-1) sites, GH and glucocorticoid response elements, have been identified in the 5Јflanking region. A thyroid hormone response element (TRE) was identified by sequence inspection in the first intron of rat KBP (16) ; however, it was not characterized functionally.
In most genes positively regulated by T 3 , TR/retinoid X receptor (RXR) heterodimer binds to a TRE with hexamers arranged as a direct repeat with a 4-bp gap, an inverted repeat, or palindrome TRE (17, 18) . The unliganded thyroid hormone receptor (TR) binds to a TRE and recruits corepressors, nuclear receptor corepressor (NCoR), and silencing mediator of retinoid and thyroid hormone receptors (SMRT) and reduces expression (19) . Ligand binding disrupts corepressor bound to TR and promotes coactivator binding, such as members of steroid receptor coactivator family (20) and cAMP response element-binding protein (CREB) binding protein (CBP)/p300 (21) . This leads to activation of histone acetyltransferase (22, 23) and initiation of transcription.
Negative regulation by T 3 is less well understood, although at least three different molecular mechanisms have been proposed. In the first model, T 3 binds to TR and triggers a switch from recruiting coactivator to corepressor (24 -26) . This switch may be induced by a negative thyroid hormone response element (nTRE) capable of allosterically altering receptor conformation upon TR-T 3 binding (26) , as has been shown for the TSH␤ nTRE (27) (28) (29) . The unliganded TR binds to TSH␤ nTRE, recruits a coactivator, and enhances gene transcription. Liganded TR recruits corepressors, such as SMRT, NCoR (30) , and histone deacetylase and exerts T 3 -dependent repression (25, (31) (32) (33) (34) . Some genes, however, negatively regulated by T 3 show increased histone acetylation (35) . Both corepressor and coactivator play an important role in T 3 -dependent negative regulation of TSH␤ (36) . In the second model, TR does not bind directly to DNA, but unliganded TR/RXR heterodimer interacts with c-fos/c-jun on an AP-1 site and recruits coactivator. T 3 binds to TR and triggers the switch from recruitment of coactivator to corepressor, resulting in transcription inhibition through AP-1 (37, 38) . The third mechanism is referred as squelching. Unliganded TR/RXR heterodimer recruits corepressor away from the AP-1 site but does not directly interact with AP-1 protein, allowing AP-1 to recruit coactivator for transactivation. Conversely, in the presence of T 3 , liganded TR/RXR recruits a coactivator (CBP/p300). Because there is a limiting amount of coactivator, AP-1 protein predominantly recruits a corepressor, which leads to transcription inhibition (21, 39, 40) . Unlike the well-characterized sequences of positive TREs, the DNA sequences of nTREs are more variable and a consensus sequence has not been established.
Chicken ovalbumin upstream promoter transcription factor 1 (COUP-TF1) is known to inhibit T 3 -, retinoic acid-, and other nuclear receptor-mediated transcriptional activation, and the best characterized is the inhibition of T 3 action in neural development (41) . One of the mechanisms of transcriptional inhibition by COUP-TF1 is direct competition with TR, retinoic acid receptor, and steroid receptors for binding to the response element (42) , which has been demonstrated in gel shift assays (43) (44) (45) . The silencing activity of COUP-TFI is enhanced by the corepressors, NCoR and SMRT (46) . COUP-TF1 can also function as a coactivator and stimulate gene expression (41) . In T 3 -mediated negative regulation, COUP-TF1 action may depend on the promoter sequence and context.
We demonstrate that mouse KBP gene expression is negatively regulated by T 3 in vivo. We identified two functional nTREs: nTRE1 located in the 5Ј flanking region and nTRE2 located in the first intron. COUP-TF1 binds to nTRE1, stimulates KBP gene expression, and antagonizes T 3 -dependent repression. We demonstrate that nTRE1 and nTRE2 bind NCoR in response to T 3 , and NCoR is required for T 3 -dependent repression from both. KBP nTRE1 and nTRE2 both bind TR, but binding increases to nTRE2 after treatment with T 3 . nTREs are more variable in sequence and position compared with positive TREs, and characterization of cofactor binding shows similarities and differences among the nTRE elements.
Materials and Methods

Cell culture, transient transfection, and luciferase assays
HepG2 cells were maintained in Eagle's MEM supplemented with 10% fetal bovine serum. Mouse testes cells, GC-1spg, were maintained in DMEM with 10% serum. The transient transfection and luciferase assays were performed in cells that were seeded in a 24-well plate and grown in serum-free medium with 10% serum replacement (Invitrogen Inc., Carlsbad, CA) for 24 h before transfection. Unless otherwise stated, 0.1 g of reporter construct, 0.1 g TR␤, and/or 0.1 g COUP-TF1 expression vectors were used in transient transfection assays using the Effectene system (QIAGEN Inc., Valencia, CA). Empty vector (pcDNA 3.1) was used to keep a constant concentration of DNA in all transfections. Transfected cells were treated with T 3 (50 nM final concentration) in serum-free medium for 24 h before the luciferase assay. The dual-luciferase reporter system (Promega, Madison, WI) was used and results normalized to Renilla luciferase expression. All transfections were performed in triplicate.
Reporter constructs, mutant reporter constructs, and expression vectors
The mouse KBP gene (Gene Bank accession no. X61597) sequence, from Ϫ59 to 1778, including a portion of the promoter region, first exon (noncoding exon, 93 bp) and first intron, was cloned by PCR into the pGL-3 promoter vector (Promega). The deletion constructs were also cloned by PCR into the pGL-3 promoter vector. Smaller reporter constructs Ϫ59/ϩ66-luc, 93/ 135-luc, 323/342-luc, 381/431-luc, and mutant reporters were cloned using DNA oligonucleotides and inserted into the pGL-3 promoter vector at BglII-MluI site. Mutations of nTRE1 and nTRE2, constructs M1 and M2, were generated by site-directed mutagenesis using reporter Ϫ59/ϩ723-luc. In M1, nTRE1 was mutated and nTRE2 was intact, and in M2 reporter, nTRE2 was mutated and nTRE1 was intact. All constructs and mutations were checked for accuracy by direct DNA sequencing. COUP-TF1, in pBlueScript, was a gift from Dr. Ming J. Tsai (Baylor College of Medicine, Houston, TX) and was subcloned into vector pcDNA3.0 for eukaryotic expression. The TR␤1 expression vector was PCR cloned into pCMVTNT expression vector (Promega).
RNA isolation, reverse transcription, and quantitative PCR analysis
Total RNA was isolated from cells using RNeasy Plus kit (QIAGEN) and then reverse transcribed using Superscript III (Invitrogen). cDNA (1 l) was used in PCR amplification of specific genes. Quantification by real-time PCR was described previously (13) . The relative mRNA expression levels were expressed as a ratio of the mRNA being tested to the levels of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA. Primers used for detection of mRNA expression of KBP were 5Ј-cagcctggagaacagaca3Ј (sense) and 5Ј-gtgagactgtcgagttgtgt3Ј (antisense).
Chromatin immunoprecipitation (ChIP) assay
ChIP assays were performed according to the protocol provided by the manufacturer (Millipore, Bedford, MA). In brief, mouse testis cells (GC-1spg) were plated in a 10-cm dish (ϳ2 ϫ 10 6 cells /dish) in complete medium (DMEM supplemented with 10% serum) overnight. Cells were plated at a relatively low density to optimize the response to T 3 treatment. On the first day, the medium was replaced with serum-free medium and cells were transfected with TR␤ and COUP-TF1 expression vectors and incubated overnight. On the second day, cells were fed with fresh serum-free medium and treated with 50 nM T 3 for time periods of 0, 15, 30, 45, and 60 min. At the end of each time point, cells (three dishes) were incubated with formaldehyde (final concentration 1%) for 10 min to cross-link the chromatin and then washed twice with cold PBS. The rest of procedure was the same as the manufacturer protocol. To reach the desired resolution for detecting binding to the response elements, we optimized the sonication procedure to obtain 150-to 200-bp DNA fragments. The antibodies used for each time point of the ChIP assay were anti-TR antibody (Thermofisher ScientificPierce Antibody, Rockville, IL), anti-NCoR (Millipore, Bedford, MA), anti-COUP-TF1, anti-SMRT, and anti-CBP antibodies (Santa Cruz Biotechnology Inc., Santa Cruz, CA). cross-linked chromatin DNA was recovered. DNA was purified using MiniElute column (QIAGEN). DNA (1 l) was used for PCR for 42 cycles with specific primers. For nTRE1 Ϫ59 to ϩ66, the primers were 5Ј-CCAGCATTTCCT AAGAGGAG-3Ј (sense) and 5Ј-TTACTCCAGCCAGCTT CAG-3Ј (antisense). The PCR product was 125 bp. For nTRE2 93-135, the primers were 5Ј-TGGAAGCTGGCTGGAGTAAG-3Ј (sense) and reverse, 5Ј-TGGTTTCTCTTGC TTGTGGT-3Ј (antisense). The PCR probe was 104 bp. For the ChIP detection of receptor and cofactor binding to necdin nTRE (Ϫ30 to ϩ246), the primers used were as previously described (47) . Input material was one tenth of the diluted total ChIP material. A negative control was performed using mouse IgG without the primary antibody. Transfection efficiency was assessed by the mRNA level of TR␤ and COUP-TF1.
Gene silencing
Unless stated otherwise, On-Target small interfering RNA (siRNA; Dharmacon RNAi Technologies, Lafayette, CO) was used in gene-silencing experiments. Control siRNA (supplied by the manufacturer) was used in control conditions (non-gene silencing). Cells were seeded on six-well plates with a density 0.2-0.5 ϫ 10 6 cells/well. For each well, 100 nM siRNA (final concentration) was transfected using DharmaFact. On the next day, medium was removed and replaced with fresh serum-free medium with 10% serum replacement and grown for an additional 36 h before T 3 treatment. For T 3 treatment, cells were incubated with 50 nM T 3 (final concentration) for an additional 16 h before RNA isolation. After reverse transcription, cDNA was used for PCR detection or quantitative PCR quantification. For the gene silencing combined with luciferase assay experiments, cells were seeded on a 24-well plate in serum-free medium with 10% serum replacement, siRNA. Control (scrambled RNA), siRNA COUP-TF, or siRNA NCoR (final 100 nM) and 0.1 g of each plasmid (reporter and expression vector) were cotransfected using DharmaDuo reagent for each well. The next day, cells were fed with fresh serum-free medium and grown for an additional 24 h. Cells were then treated with T 3 (50 nM) for an additional 16 h before the luciferase assay. All transfections were performed in triplicates. The results were expressed as the mean value with SE (ϮSE).
Animals.
All animal experiments were approved by the Institutional Animal Care Use Committee. Two groups of mice were used in the study, euthyroid and hypothyroid (n ϭ 4 in both groups). Hypothyroidism was induced by feeding an iodine-deficient diet supplemented with 0.15% propylthiouracil for a period of 6 wk starting at age 4 wk. The mice were then euthanized at age 10 wk. Total RNA was isolated from testis and KBP mRNA levels were detected by quantitative PCR.
Statistical analysis
Reporter assays and quantitative PCR experiments were performed in triplicate. Statistical analysis was done using t test and one-way ANOVA. Statistical significance was defined as P Ͻ 0.05.
Results
Thyroid hormone inhibits KBP gene expression
We investigated thyroid hormone regulation of the endogenous KBP gene expression in HepG2 cells. HepG2 cells were transfected with a TR␤ expression vector and treated with or without T 3 (50 nM) for 24 h. Unliganded TR␤ enhanced KBP mRNA expression 2.6-fold (P Ͻ 0.01). Enhanced basal expression in the presence of unliganded TR is characteristic of genes negatively regulated by T 3 (47, 48) . Addition of T 3 (50 nM) repressed KBP gene expression (Fig. 1A) . Previous studies have reported that GH stimulates expression of the rat KBP promoter (9, 49) . We studied the influence of T 3 on GH-induced mouse KBP gene expression. Mouse testis cells (GC-1spg), which are more responsive to hormonal stimulation compared with HepG2, were used for these studies. Testis cells were treated with human GH (50 and 100 g/ml) either in the presence or absence of T 3 (50 nM). Low concentrations of GH had minimal effect on KBP mRNA, but high concentrations of GH (100 g/ml) stimulated KBP mRNA 3.2-fold (P Ͻ 0.05). In the presence of T 3 , GH did not stimulate KBP mRNA expression (Fig. 1B) .
'-----------------T--------C-------------------------------------3' 104 132 nTRE2 Wt: (93) 5'-AGGTAATGCCCAGGGACAGAGAAGGAACCTTCCCAGGACTGTG-3' (135) mutant: 5'--------------A----------T----------A-------
The influence of thyroid status on KBP gene expression in mice was studied. Mice made hypothyroid for 6 wk were compared with euthyroid mice. The hypothyroid mice had increased (2.1-fold, P Ͻ 0.05) KBP mRNA expression in the testis compared with the euthyroid control (Fig. 1C) . These findings are consistent with negative regulation of the endogenous KBP gene by T 3 .
Localization of nTREs in the KBP gene
We examined the sequence of the mouse KBP gene and identified an AGGTCA-like octamer half-sites in the 5Ј flanking region and the first intron. The reporter construct, KBP Ϫ59/ϩ723-luc, including both regions, was used to test these putative elements ( Fig. 2A) . Cotransfection of the unliganded TR␤ expression vector with KBP Ϫ59/ ϩ723-luc induced luciferase activity 3.3-fold (P Ͻ 0.05) (Fig. 2B) . Addition of T 3 at increasing concentrations (5, 50, and 100 nM) diminished TR␤-induced gene expression in a dose-dependent fashion, 3.75-fold inhibition at 50 nM, consistent with a nTRE located within the sequence Ϫ59/ϩ723 (P Ͻ 0.05) (Fig. 2B) .
To localize the nTRE, several deletion constructs of this region (Ϫ59-540-luc, 42-540-luc, 165-540-luc, and 351-540-luc) were analyzed for T 3 responsiveness. Analysis of the Ϫ59/ϩ540-luc reporter demonstrated that luciferase activity was reduced 4.12-fold in response to T 3 ( Fig.  2A) . T 3 -mediated inhibition was still present with the 42/540-luc construct, 2.63-fold. Further deletions showed significant loss of T 3 inhibition, 165/540-luc, 1.96-fold, and 351/540-luc, 1.40-fold. These data indicate by deletion analysis that the nTRE activity is located primarily in the sequence Ϫ59/ϩ165.
We further narrowed the location of the nTRE with reporter constructs Ϫ59/ϩ66-luc, 93/135-luc, 165/351-luc, 323/342-luc, and 381/431-luc ( Fig.  2A) . In transient transfection assays, T 3 repressed reporter activity of the construct Ϫ59/ϩ66-luc 2.24-fold and the 1 g) and/or COUP-TF1 (0.1 g). Cells were then treated with or without T 3 (50 nM) for 16 h before a luciferase assay. D, Reporter assay using testis GC-1spg cells. Conditions are the same as described in B and C. E, COUP-TF1 knockdown. Cells were cotransfected with siRNA COUP-TF1 or siRNA control (scrambled RNA), expression vector were transfected with TR␤ and nTRE1-luc, and the cells were grown in serum-free medium. Forty-eight hours after transfection, cells were incubated with T 3 (50 nM) for 16 h before luciferase assay or RNA isolation. The effectiveness of gene silencing of COUP-TF1 was assessed by PCR detection of COUP-TF1 mRNA expression in the cells. PCR was performed using 1 l of cDNA for 30 cycles for COUP-TF1 and 1 l of 5-fold diluted cDNA for 25 cycles for GAPDH. The dual-luciferase assay system was used to determine relative Firefly luciferase activity (FLuc)/Rhenilla luciferase (RhLuc) of the reporters. Values shown are mean Ϯ SE (error bars) of triplicates. *, P Ͻ 0.05, **, P Ͻ 0.01, when compared with conditions without TR␤, COUP-TF1, or added T 3 . (Fig. 2C) . Based on the sequence inspection and deletion analysis, we defined the region Ϫ59/ϩ3 as nTRE1 and 93/135 as nTRE2 (Fig. 3A) .
Mutational analysis of nTREs
We examined TR repression of the nTREs using mutational analysis (Fig. 3A) . The nTRE 1 (Fig. 3B) and nTRE2 (Fig. 3C) were significantly enhanced by cotransfection of unliganded TR␤ and significantly repressed by the addition of T 3 (P Ͻ 0.05). The nTRE1 and nTRE2 were mutated and analyzed for T 3 -mediated response (Fig.  3A) . T 3 inhibition was lost in both mutant nTRE-luc constructs compared with the wild-type nTREs (Fig. 3, B and C). These data demonstrate that the regions Ϫ59/ϩ3 and 93/135 contain regulatory elements that confer T 3 -mediated repression of gene expression.
Role of nTRE1 and nTRE2
To investigate the relative role of nTRE1 and nTRE2 in T 3 -dependent KBP gene repression, we mutated each nTRE in the context of the Ϫ59/ϩ723-luc. M1 contains a mutation in nTRE1 and M2 a mutation in nTRE2 (Fig. 3B) . There was no significant T 3 repression with mutation of either nTRE1 (M1 reporter) or nTRE2 (M2 reporter) (Fig. 3E) . The data indicate that in the context of the Ϫ59/ϩ723 element, both nTREs were required for T 3 repression.
Regulation of KBP gene by TR/T 3 and COUP-TF1
COUP-TF1 is known to compete with TR for binding to a TRE and inhibits T 3 induction (42, 50 -52). In addition to competing for a binding site, COUP-TF1 is also capable of heterodimerizing with TR on a palindromic TRE to suppress T 3 stimulation (53). To assess whether COUP-TF1 was involved in the regulation of KBP gene expression, HepG2 cells were cotransfected with reporter constructs (nTRE1-luc or nTRE2-luc) and COUP-TF1 expression vector at increasing concentrations (0.05, 0.10, and 0.15 g). COUP-TF1 stimulated basal luciferase activity of both reporters, nTRE1-luc, 8.9-fold (P Ͻ 0.01), and nTRE2, 5.4-fold (P Ͻ 0.05) (Fig.  4A) . Interestingly, the effect of cotransfection of TR␤ on COUP-TF1-stimulated expression differed between the two nTREs (Fig. 4, B and C) . In the absence of T 3 , COUP-TF1 inhibited unliganded TR-mediated enhancement of nTRE1-luc but increased expression of nTRE2-luc. In the presence of T 3 , COUP-TF1 blunted nTRE1-luc-mediated repression (Fig. 4B ) but did not modify nTRE2-luc (Fig. 4C) . In the presence of TR, COUP-TF1 inhibited the nTRE1 but not the nTRE2. To determine whether COUP-TF1 antagonism of TR was cell type specific, we evaluated the COUP-TF1 effects on the KBP nTREs in testis cells (GC-1spg) (Fig. 4D) . Similar results were obtained as those in HepG2 cells (Fig. 4 , B and C), supporting the findings that COUP-TF1 antagonizes T 3 repression mediated by nTRE1. The influence of COUP-TF1 on TRmediated repression by nTRE1 should be reversed when the COUP-TF1 gene is silenced. We performed COUP-TF1 gene knockdown by transfection of cells with siRNA COUP-TF1. Expression of nTRE1 in the presence of TR␤ was repressed with addition of COUP-TF1 (Fig. 4B ) but was significantly enhanced after COUP-TF1 knockdown (P Ͻ 0.05) (Fig. 4E) . In the presence of T 3 , COUP-TF1 knockdown enhanced T 3 -dependent repression, 3.7-fold (P Ͻ 0.05), compared with repression without COUP-TF1 knockdown (2-fold) ( malic enzyme gene or myosin heavy-chain gene (53) . A similar phenomenon has been demonstrated in estrogen response elements (EREs). COUP-TF1 enhanced estradiol-estrogen receptor (ER) binding to consensus ERE but did not affect tamoxifen aziridine-ER binding to an ERE (54) .
Influence of TR, T 3 , and COUP-TF1 on endogenous KBP gene expression
To evaluate the effects of TR, T 3 , and COUP-TF1 on endogenous KBP expression, KBP mRNA levels were determined in mouse testicular cells (GC-1spg) transfected with constant TR␤ (0.1 g) and COUP-TF1 at increasing concentrations (0.1, 0.2, 0.3 g). COUP-TF1 alone increased endogenous KBP mRNA levels (Fig. 5A, lanes 1-3) , consistent with the results from the promoter analysis of nTRE1 and nTRE2 (Fig. 4A) . In the absence of T 3 , cotransfection of COUP-TF1 with TR␤ (Fig. 5A , lanes 4 -6) had no effect compared with COUP-TF1 alone (Fig. 5A ). In the presence of COUP-TF1 (Fig. 5A, lanes 7-9) , T 3 repression was seen only with the highest level of COUP-TF1 (Fig. 5A, lane 9) . In the presence of unliganded TR, KBP mRNA expression was increased and then repressed by the addition of T 3 (Fig. 5A,   lanes 10 and 11) . We performed siRNA gene silencing of COUP-TF1 to determine the influence on endogenous KBP mRNA expression with transfected TR␤ (Fig. 5B) . In the absence of T 3 , KBP mRNA expression was enhanced compared with control (P Ͻ 0.05), and in the presence of T 3 , KBP mRNA was reduced 3.1-fold in COUP-TF1 knockdown cells compared with 2.2-fold in control cells expressing COUP-TF1. The pattern of endogenous KBP expression after COUP-TF1 knockdown (Fig. 5B) showed enhanced response to unliganded TR and enhanced T 3 repression compared with control. This is consistent with endogenous COUP-TF1 blunting TR-induced expression and T 3 -mediated repression.
TR, NCoR, and COUP-TF1 binding to nTRE1 and nTRE2
We next tested receptor binding to the KBP nTREs and the recruitment of coactivators and corepressors. We performed ChIP assay in GC1-spg mouse testis cells transfected with TR␤1 and COUP-TF1 and treated with T 3 (50 nM) for 0, 15, 30, 45, and 60 min and 4 h. In the absence of T 3 (0 min), the corepressor NCoR was bound to nTRE1 (Ϫ53/Ϫ29) and nTRE2 (104/132), and binding increased to both elements after addition of T 3 , reaching a peak at 30 -60 min (Fig. 6, A and B). nTRE1 and nTRE2 also bound CBP. TR bound to nTRE2 in the absence of ligand, and TR binding was reduced after the addition of ligand. nTRE1 bound only a small amount of TR in the absence of ligand, and binding was increased after addition of T 3 . COUP-TF1 bound most strongly to nTRE1, and binding was reduced after the addition of ligand as TR binding increased. nTRE2 bound COUP-TF1 only at the 45-min time point after the addition of T 3 .
Pattern of TR and coactivator binding to the necdin nTRE
The necdin nTRE is positioned downstream of the transcription start site at ϩ88 in both the human and mouse gene. The expression of the nTRE was enhanced by unliganded TR and repressed after the addition of T 3 (47) . We performed the same ChIP assay as for the KBP nTREs to track the interaction with TR, SMRT, NCoR, and CBP (Fig. 6C) . A pattern of factor binding with similarities to that seen for KBP nTRE1 and nTRE2 was observed. The nTRE strongly bound the corepres- 
NCoR is required for T 3 -mediated repression of gene expression
To confirm the role of NcoR, we performed siRNA gene silencing of NCoR and then examined the T 3 -dependent repression using both nTRE reporter constructs. NCoR knockdown significantly increased reporter expression in the presence of TR compared with control (P Ͻ 0.01) (Fig. 7, A and B ). Significant T 3 -mediated repression was demonstrated in the control (P Ͻ 0.05), but not after NCoR knockdown (Fig. 7, A and B), indicating that NCoR is required for T 3 repression by nTRE1 and nTRE2.
Discussion
We have identified two nTREs in the mouse KBP gene, nTRE1 located in the 5Ј flanking region Ϫ53 to Ϫ29, and nTRE2, located in the first intron 104 -132. These elements confer T 3 -mediated negative regulation in the KBP gene. T 3 -dependent repression was demonstrated for both nTRE1 and nTRE2 and involves TR interaction with DNA and requires recruitment of NCoR (Table 1) . This is consistent with the primary role of NCoR in T 3 -mediated repression. We demonstrated that COUP-TF1 enhances basal expression of both nTRE1 and nTRE2. COUP-TF1 binds predominantly to nTRE1 and blunts unliganded TR enhancement of expression and reduces T 3 -mediated repression. Although either element alone binds TR and cofactors and confers T 3 repression, both nTRE elements were required for T 3 repression in the context of the Ϫ59 to ϩ723 fragment. This suggests that elements contained in this additional sequence likely influence the interaction and function of the two sites.
Interestingly, the two nTREs have different patterns of T 3 -dependent repression. TR binds minimally to nTRE1 in the absence of T 3 . In the presence of T 3 , TR binds strongly to DNA, recruits NCoR, and releases CBP. This process is the typical reported pattern of TR repression and has been previously shown with the TSH␤ nTRE (26, 31, 34) . The position of the nTRE, in close proximity to the transcription start site, is also characteristic of other nTREs (55) . NCoR, however, bound with a similar pattern to both nTRE1 and nTRE2. In contrast to the pattern of TR binding to nTRE1, unliganded TR binds to nTRE2 in the absence of T 3 and recruits CBP. In the presence of T 3 , liganded-TR was dissociated from DNA, CBP was released, and NCoR was recruited. This process was similar to the previously proposed non-DNA-binding model. In this model, ligand-induced suppression is via TR interaction with AP-1 (Jun/Jun or Jun/Fos) rather than nTRE (26, 37) . Presumably, unliganded TR/ RXR interacts with AP-1 and recruits coactivator for transactivation, and liganded-TR recruits corepressor to AP-1/ TR/RXR complex for inhibition. This model has been used to explain T 3 -induced inhibition of gene expression without receptor binding to DNA (37, 56) . For the non-DNA-binding model, it is essential that an AP-1 binding site is present, allowing TR to interact with AP-1 on the AP-1 site. However, in the case of the AP-1 retinoic acid-mediated transcription, AP-1 can directly interact with the retinoic acid receptor to antagonize retinoic acid-mediated transcription, without binding to an AP-1 site (57).
In the KBP gene, we found an AP-1-like site located in the first intron at 226 -232 (TGAGTTC), which is not far from the nTRE2 (93-136). In this study, however, the putative AP-1 site was not contained in the reporter construct for functional assays or the PCR primed region (from 66 to 172) used in the ChIP assay. We observed that TR binds to nTRE2, although it has not established a role for TR interaction with AP-1. Further investigation is needed to understand whether AP-1 is involved in T 3 -mediated repression via nTRE2 and whether the AP-1 site is functional, although our deletion studies suggest that it is not required.
We have demonstrated that TR and COUP-TF1 bind intermittently to the nTREs. The intervals of DNA binding differed with different DNA configuration. It has been reported that TR has distinct dynamic binding pattern to the positive TREs, cholesterol 7␣-hydroxylase (Cyp7) TRE, and phosphoenol-pyruvate carboxykinase TRE and for the recruitment of coactivators, steroid receptor coactivator-1 p160, glucocorticoid-interacting protein-1, and thyroid hormone receptor-associated protein-220, to these positive TREs (58) . In addition to DNA configuration, other factors also influence receptor DNA binding, such as assembling protein-protein complex, chromatin remodeling, and transcription initiation. The cycle of ER binding to DNA and the recruitment of coactivators is associated with phosphorylation of RNA Pol II (59) . Phosphorylation of Pol II C-terminal domain initiates the transcription, which, in turn, disassembles the protein complex and releases ER from the DNA.
We observed that in the absence of T 3 , coactivator (CBP) and corepressor (NCoR and SMRT) were recruited to DNA. NCoR and SMRT have been shown to function as coactivator of unliganded TR as evidenced by the fact that cotransfection of NCoR or SMRT increases unliganded TR-stimulated transcription in transient transfection assays (40, 60) . It is necessary for corepressors to interact with CBP to assemble a transcription complex. In fact, direct association of NCoR with CBP has been visualized in MCF-7 cells using immunofluorescence techniques and has also been demonstrated in COS cells by coimmunoprecipitation (61) , indicating that NCoR may be involved in modulating histone acetyltransferase activity. To determine whether unliganded TR can recruit both corepressor and coactivator to an nTRE, we examined the well-characterized necdin nTRE (47) . We demonstrated a pattern of TR and cofactor binding to the necdin nTRE, with similarities to those seen with nTRE1 and nTRE2 (Fig. 7) . We conclude that the mode of recruiting coactivator or corepressor to nTRE has similarities and differences among the various nTRE configurations we studied and likely also due to the availability of corepressor and coactivator.
COUP-TF1 has a significant role in early neural development and is recognized as repressing genes stimulated by T 3 (62, 63) . It has been increasingly recognized in developmental models that thyroid hormone activation and inactivation are both required for a normal developmental program (19) . A physiological role for COUP-TF1 in modulation T 3 -dependent gene expression in the adult has not been reported, but the KBP gene may be an example.
Thyroid hormone inhibition of gene expression is important in brain and sensory development and in a range of regulatory processes in the adult. Inhibition of TSH by thyroid hormone is the key thyroid hormone action used to evaluate overall thyroid status. Although there are greater variations of the mechanisms of T 3 -mediated repression, compared with T 3 -mediated stimulation, a number of consistent mechanistic patterns are emerging. The KBP gene is notable for two nTREs, nTRE1 in a typical nTRE position and nTRE2 downstream of the transcription start site, although both are required for T 3 repression. The recruitment of NCoR to both nTRE1 and nTRE2 was strongly shown as was the absolute requirement of NCoR for functional T 3 -mediated repression. The COUP-TF1 effect on antagonizing T 3 repression is complementary to COUP-TF1 repression of T 3 induction and suggests a broader role for COUP-TF1 in modulating thyroid hormone action. The physiological relevance of these interactions will need to be tested in whole-animal models. 
